In the quest to improve the performance of organic bulk-heterojunction solar cells, many recent efforts have focused on developing molecular and polymer alternatives to commonly used fullerene acceptors. Here, molecular dynamics simulations are used to investigate polymer:molecule blends comprised of the polymer donor poly(3-hexylthiophene) (P3HT) with a series of acceptors based on trialkylsilylethynyl-substituted pentacene. A matrix of nine pentacene derivatives, consisting of systematic chemical variation both in the nature of the alkyl groups and electron-withdrawing moieties appended to the acene, is used to draw connections between the chemical structure of the acene acceptor and the nanoscale properties of the polymer:molecule blend, which include: polymer and molecular diffusivity, donor-acceptor packing and interfacial (contact) area, and miscibility. The results point to the very significant role that seemingly modest changes in chemical structure play during the formation of polymer:molecule blend morphologies.
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Abstract.
In the quest to improve the performance of organic bulk-heterojunction solar cells, many recent efforts have focused on developing molecular and polymer alternatives to commonly used fullerene acceptors. Here, molecular dynamics simulations are used to investigate polymer:molecule blends comprised of the polymer donor poly(3-hexylthiophene) (P3HT) with a series of acceptors based on trialkylsilylethynyl-substituted pentacene. A matrix of nine pentacene derivatives, consisting of systematic chemical variation both in the nature of the alkyl groups and electron-withdrawing moieties appended to the acene, is used to draw connections between the chemical structure of the acene acceptor and the nanoscale properties of the polymer:molecule blend, which include: polymer and molecular diffusivity, donor-acceptor packing and interfacial (contact) area, and miscibility. The results point to the very significant role that seemingly modest changes in chemical structure play during the formation of polymer:molecule blend morphologies. 3 
Introduction.
Organic photovoltaic (OPV) cells are of academic and commercial interest due to their potential for flexible, light-weight, and large-scale solar energy harvesting applications derived from low-cost, high-throughput manufacturing techniques. [1] [2] [3] [4] The most prevalent OPV photoactive layer, referred to as a bulk heterojunction (BHJ), is comprised of a solutionprocessed organic donor:acceptor blend that relies on inherently poor miscibility between the donor and acceptor to form nanoscale phase-separated domains. 1 The donor and acceptor materials can include π-conjugated polymers and/or (small) molecules and oligomers, [5] [6] with blends based on polymer donors and fullerene-derivative acceptors typically showing the highest photovoltaic performance. 7 Fullerene derivatives, particularly [6, 6] -phenyl-C 61 -butyric acid methyl ester (PC 61 BM) and its C 70 analog (PC 71 BM), possess many properties that lead to high OPV performance, including facile reduction, 8 good electron-transport properties, 9-10 three-dimensional charge-carrier transport, and sufficient phase separation with many donor polymers in solution-cast thin films. 11 Consequently, most efforts in the design of donor systems, and in particular narrow optical-gap conjugated polymers, 12 aim for complementary properties with these fullerenebased acceptors such that the electronic and optical properties of the device are optimized. This includes maximizing: (i) photon absorption within the full solar spectrum; (ii) open-circuit voltage (V OC ) by controlling (to a first approximation) the offset between the ionization potential of the donor and the electron affinity of the fullerene; and (iii) charge-transfer state energy at the polymer/fullerene interface. Beyond these properties, the phase-separation thermodynamics and kinetics need to be optimized to control the thin-film morphology, as the latter directly impacts charge-carrier generation, migration, recombination, and collection. As a 4 result, a large parameter space must be considered for BHJ OPV optimization, including many intrinsic details at the molecular scale. Unfortunately, fullerene derivatives possess a number of drawbacks. For example, although much more costly, PC 71 BM has been employed in part to address the weak absorption of visible radiation by PC 61 BM, which generally leads to higher OPV performance stemming from increased short-circuit current density (J SC ). 13 In addition, the large electron affinities of fullerene derivatives can result in suboptimum V OC when blended with common conjugated polymers such as poly(3-hexylthiophene) (P3HT).
14 Consequently, recent efforts have focused on developing non-fullerene acceptors to optimize material absorption, miscibility, and material electronic properties to maximize the versatility of selecting donor and acceptor pairs. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Having a greater selection of donor:acceptor pairs can improve our basic understanding of how features in chemical structure affect each device characteristic, and in particular the formation of the BHJ morphology. Representative nonfullerene acceptors include naphthalene 18 and perylene 19 diimides, oligothiophenes, diketopyrrolopyrroles, vinazenes, rhodamines, and substituted pentacenes. [14] [15] [16] [17] Design strategies for these acceptors include: (i) modulating the electronic, redox, and optical properties via chemical substitution of electron-withdrawing groups and/or increasing the π-conjugation pathway; and (ii) influencing solubility/miscibility through substitution of pendant alkyl groups. These strategies are generating increased success, as power conversion efficiencies (PCE) over 7% have now been achieved in polymer:molecule and all-polymer BHJ OPVs. [20] [21] [22] [23] [24] [25] [26] [28] [29] It is well demonstrated that slight modifications in the chemical structure of organic electronic materials can lead to major changes in pristine and blend film morphologies and their subsequent performance. Of particular relevance to this study is previous work by Shu and co-workers, who surveyed a variety of electron-deficient pentacenes as acceptors in BHJ devices with poly(3-hexylthiophene) [P3HT] acting as the donor material. 34 Pentacene-based small molecules are easily amenable to synthetic substitution, which makes them good candidates for comprehensive investigations (Figure 1 ). Device V OC and J SC were found to vary with the electron-withdrawing group and alkyl group substitution, respectively, and correlate with crystal structure packing motifs of the pentacene-based material. 34 Here, we systematically evaluate, through a series of multi-scale molecular simulations, the structure-function relationships of these pentacene-based acceptors in P3HT to clarify how the chemical structure of the substituted pentacenes influences the blend morphology, which in 6 turn affects OPV performance. We focus specifically on a series of 6,13-bis(trialkylsilylethynyl)-substituted pentacenes, hereafter simply referred to as acenes, shown in In our molecular modeling approach, we perform atomistic molecular dynamics (MD)
simulations to obtain target structural distributions, which are then used to derive coarsegrained (CG) potentials following the work of Huang et al. 35 CG simulations drastically reduce the degrees-of-freedom involved in modeling large systems, which is essential to studying systems with length scales approaching that of the device and for timescales that ensure the possibility of phase separation of the blend component materials. [35] [36] [37] [38] These modeling advantages allow us to build structure-morphology relationships that are relevant to device properties, such as donor-acceptor morphology, miscibility, and interfacial area, and may inform future designs of donor/non-fullerene acceptor combinations. In our mapping scheme, see Figure 2 , we choose to represent the P3HT monomer and acene molecule with the fewest CG particles possible while retaining the molecular shape and chemical nature of the materials.
In this way, we can discern trends in morphological properties and link them to specific features of the chemical structure. Atomistic MD simulations of systems containing pure P3HT, pure acene, and mixed P3HT:acene were performed to obtain target microstructures for the coarse-graining procedure. The pure P3HT system contained 40 decamer chains, which are completely regioregular, and the pure acene systems each contained 256 molecules. The mixed P3HT:acene systems each contained 40
decamer P3HT chains and a varying number of acene molecules, depending on their type, to construct an approximate 1:1 wt/wt ratio mixture; larger system sizes gave nearly identical structural distributions and thermodynamic properties. The All-Atom Optimized Potentials for
Liquid Simulations (OPLS-AA) 39 force field was used for the material systems with some modifications, on the basis of DFT calculations, 40 in the partial charges of the thiophene and in inter-monomer dihedral potentials of P3HT to account for the conjugation of the chain backbone. 35, 41 The atomistic MD simulations were performed with a random initial configuration in a cubic box with periodic boundary conditions and in the melt (melting points of P3HT and TIPS-Pn are 511 K and 549 K, respectively) 42 at 550 K and 1 atm (NPT ensemble), using a Nosé-Hoover thermostat 43 and Nosé-Hoover barostat, 44 respectively. The SHAKE algorithm 45 was used to constrain C-H bonds with fixed length. The cut-off distance for shortrange non-bonded interactions (Coulomb and Lennard-Jones) was 12.0 Å. Long-range electrostatic interactions were computed using the Particle-Particle Particle-Mesh (PPPM) method. 46 A timestep of 1.5 fs was used. Simulations were performed for a total time of at least 10 τ 2 and varied between 25-75 ns depending on the type of acene in the mixture; the relaxation time τ 2 is a measure of the time scale for chain reorientation, and is computed by fitting the autocorrelation function of the unit vector u(t) between the polymer chain ends to the equation
where P 2 ≡ (3x 2 -1)/2 is the second-order Legendre polynomial. Distribution functions and quantities of interests were computed from trajectories corresponding to the latter 5τ 2 of each simulation, and were checked that they did not vary systematically with time.
The parameters for CG simulations were derived using the iterative Boltzmann inversion (IBI)
method following the work of Huang et al., 35 see Equation 1, where a set of potentials
describing bond lengths, bond angles, dihedral angles, improper dihedral angles, and non-bonded interactions between CG particles were iteratively optimized such that the structural distributions of the CG system matched that of the atomistic system, i.e., P i (x) = P target (x). The a i parameter is used to control convergence and varies between 0 and 1. All optimized CG potentials and structural distributions are reported in the Supplementary Information (SI). The initial energy function used is shown in Equation 2.
The CG particles were constructed using the centers-of-mass of groups of atoms as shown in Figure 2 . The simulations to optimize the CG potentials were performed at constant volume and 550 K in an NVT ensemble. After convergence, the CG potentials were scaled linearly following Equation 3 in order to match the density from atomistic simulations at the same thermodynamic conditions. The scaling parameter b ij was chosen to reach a ≤ 2% error in the density. The P3HT-P3HT and acene-acene CG interaction potentials were optimized using the pure P3HT and pure acene systems, respectively. The P3HT-acene CG interaction potentials were optimized using the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 mixed P3HT:acene systems while keeping the P3HT-P3HT and acene-acene potentials fixed as obtained from the pure systems.
Having systematically coarse-grained the P3HT:acene mixtures, we performed CG simulations of approximately 1:1 wt/wt ratio mixtures, with each simulation containing approximately 100,000 particles at ca. 25 nm length scales. The blend ratio simulated here is equivalent to that used in reported devices. 34 The chain length was 48 monomers, which corresponds to a molecular weight of about 8 kDa. Simulations of significantly longer chains, which would be more relevant to actual devices, were limited by computational feasibility. The CG simulations were performed at 550 K for 120 ns and then cooled from 550 K to 300 K over 200 ns to compare the impact of temperature on the miscibility of each blend. This was followed by 10 ns simulations at 300 K. Initial configurations were random. A timestep of 5.0 fs was used. All simulations were performed using LAMMPS 47 (see lammps.sandia.gov) and the Shaheen Blue Gene/P Supercomputer at KAUST (see ksl.kaust.edu.sa).
Results and Discussion.
As noted earlier, the matrix of nine blends for our simulation studies comprise pentacenes 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11 among tri-ethyl (TES), tri-isopropyl (TIPS), and tri-cyclopentyl (TCPS) groups. It is expected that electron-withdrawing group strength and alkyl group size will control the blend miscibility and influence intermolecular packing.
It is instructive to first compare the electron-withdrawing group polarity -and its contribution to the dipole moment of the acene molecule -as it will impact the structure-property relationships.
Using the empirically-derived OPLS charges, 39 Both orientational and diffusional types of diffusion decrease with increasing alkyl group size and with electron-withdrawing group strength, with the P3HT diffusivity being generally smaller in mixtures than in the pure polymer; the lone exception is TES-Pn (TES is the smallest alkyl substituent considered and the acene has no electron-withdrawing group). In addition, the decrease in diffusivity, which increases with increasing strength of the electron-withdrawing group, is more dramatic when the alkyl group size is smaller, i.e., the variation in diffusivity is more pronounced for TES-acenes than for TIPS-and TCPS-acenes. The trends here for P3HT diffusivity in pure and mixed systems are likewise observed for the acenes, see Figure S1 . Figure 3 . P3HT diffusivity in pure and mixed systems determined from atomistic NPT simulations at 550 K and 1 atm. The coefficients α and D correspond to orientational (top plots) and translational (bottom plots) diffusion, respectively.
We next detail the nature of the interactions between P3HT and the acenes, which impacts the diffusive properties of the blends and, as we will show, their miscibility; importantly, the relative interaction among the P3HT and acene will govern the distribution of configurations at the Figure 4 shows the radial distribution functions (RDFs), g(r), among pairs of sites, defined by taking the centers-of-mass of a thiophene in a P3HT oligomer (P1) and three (distinct) six-carbon rings of the pentacene backbone (A1-A3); note that A1 is the site nearest to the electron-withdrawing group. The RDF measures the probability of finding a site some distance away from a reference site. The location and height/sharpness of the first-order peak (at small distances) indicate the closeness and (energetic) strength, respectively, in the packing of the sites involved. The appearance of secondary and higher-order peaks indicate higher degree of order.
We start with the impact of the alkyl group substitution. The RDFs in TES-acene mixtures contain the highest first-order peaks (Figures 4 a, group outweighs the extra steric hindrance when compared to the unsubstituted system. Thus, the trends in diffusivity as a function of electron-withdrawing group discussed above can be directly linked to the thiophene-pentacene interactions.
The trends in thiophene-pentacene interactions discussed so far reveal polar-driven interactions.
We now examine the RDFs between sites on the P3HT hexyl-chains and the pentacene backbones, plotted in Figure 5 ; we note that these interactions are relevant to solar-cell 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 the pentacene backbone. Note that the RDF trends obtained from the simulations at 550 K are expected to be more pronounced at lower (room) temperatures.
Figure 5. Radial distribution functions, g(r)
, among non-bonded sites P3 of P3HT and A1 of the acenes determined from atomistic NPT simulations of P3HT:acene mixtures at 550 K and 1 atm. Solid, dashed, and dotted lines denote the unsubstituted, CF 3 -, and CN-acene, respectively. See Figure 2 for site definitions.
The above discussion comparing P3HT-P3HT, acene-acene, and P3HT-acene interactions with elaboration on thiophene-pentacene and hexyl-pentacene interactions is prerequisite to drawing To quantify miscibility, the normalized demixing parameter ߰ was determined at both thermodynamic conditions, see Figure S3 for data at 550 K; however, we opt to highlight the demixing parameter as a function of temperature over the course of cooling as shown in Figure   6 . The demixing parameter is defined in Equation 4 , where n 3 is the total number of cubes into which the system is divided, ρ i is the density of the i-th cube, and ρ is the global density of the system.
In principle, the lower limit of ߰ 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   19 where the temperature was cooled from 550 K to 300 K. Each blend started from an initial homogeneously mixed system.
The first notable trend is that acenes with larger alkyl groups result in less mixing with P3HT.
The exception is TES-CF 3 , which is less mixed than its unsubstituted and CN-substituted analogs. These features suggest that steric hindrance, coming from either the alkyl or electronwithdrawing groups, disrupts close packing and induces less mixing. On the other hand, the polarity of the electron-withdrawing group enhances mixing. The demixing parameter decreases on going from the unsubstituted TIPS-and TCPS-acenes (squares and triangles, respectively) to the CF 3 -and CN-substituted analogs. Once again, TES-CF 3 is an exception in addition to TES-CN. In fact, the miscibility of P3HT:TES-acene blends (circles) decreases with the steric hindrance of the electron-withdrawing group, suggesting that steric effects of the electronwithdrawing group dominate in controlling miscibility when the alkyl group is small.
Conversely, steric effects of the alkyl groups dominate in controlling miscibility when the alkyl groups are sufficiently larger, e.g., isopropyl and cyclopentyl. In the latter case, variations in miscibility are to a secondary degree controlled by the electron-withdrawing group strength. The trends in P3HT:acene miscibility presented here can be directly attributed to the P1..A1
interactions between thiophene and the pentacene backbone discussed above. Hence, clear connections between the variation in P3HT:acene miscibility can be made to specific intermolecular interactions due to the chemical structure.
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Chemistry of Materials   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   21 The discussion of miscibility based on the demixing parameter can vary with the number of cells n 3 used in the calculation. Although trends in miscibility can be deduced from a comparison of the demixing parameter in P3HT:acene blends, a more robust parameter that is directly relevant to experiment is desirable. To this end, we implemented a simple discretization procedure similar to that in Ref. 37 to approximate the interfacial area between "phases" of P3HT and acene. Each blend system at 300 K is divided into N = 48 cubes, giving a cube size of ≈5 Å (roughly the volume of a CG particle when taking the average distance at the onset of the first-order peaks in their RDFs with other particles in the system). Each cube is then assigned as a blue (P3HT) or yellow (acene) cube, see Figure 7 , depending on which material has the majority volume in the cube. The interfacial area is then computed between cubes of different color and is normalized by the total area between cubes, therefore giving a relative percent value. Figure 7 . Illustration of the discretization procedure used to approximate the interfacial area among the P3HT (blue) and acene (yellow) "phases." Each cube is assigned to P3HT or acene depending on which material has the majority volume in the cube. A comparison of the relative interfacial area for the P3HT:acene blends is shown in Figure 8 .
The trends in interfacial area parallel those deduced from the demixing parameter, see Figure 6 , namely that acenes with larger alkyl groups lead to lower miscibility and hence smaller interfacial area (rectangles in Figure 8 ). The trends for CF 3 -acenes are less clear (circle in Figure   8 ), which suggests that the miscibilities of these acenes are too similar for our simple discretization method to discern their order of interfacial area. According to the demixing parameter, TCPS-CF 3 is expected to have an interfacial area in between those of its TES and TIPS analogues; however, the former has a slightly larger area than the latters. In general, the range of interfacial area (and miscibility) for these blends is relatively narrow, between 33 to 39%, which means that any marked variations observed in BHJ thin-film morphology should be expected to arise from solubility differences in these materials and/or crystallization features, which are not likely captured in these CG simulations. Studying the solubility of P3HT:acene blends in solution and the effect of solvent on the formation of the blend morphology is the subject of our future work. We note that the ability to systematically control interfacial area, domain sizes, and interfacial phase mixing -i.e., the composition of the mixed phase layer at the interface between pure donor and acceptor domains -would allow better control of chargecarrier recombination, which is important for device properties such as V OC .
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Recent works have used similar coarse-graining methods to investigate the optimal blending ratios of P3HT:PCBM and poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene
[PBTTT]:PCBM blends. [36] [37] The P3HT:acene blends here at ~1:1 wt/wt ratio exhibit similarly high miscibility as those of P3HT:PCBM and PBTTT:PCBM at the same blend ratio. Given these similar miscibilities between the P3HT:acene blends and P3HT:PCBM, we expect that phase separation in the acene-blends will be led by crystallization (or the lack thereof) of P3HT 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   24 and the acene molecules, as it is in PCBM-blends. 33, 53 For P3HT:PCBM blends, pure amorphous phases of the component materials are negligible; miscibility studies [54] [55] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25 Figure 8 . Relative interfacial area between P3HT (donor) and acene (acceptor) cubes computed from discretized models of the P3HT:acene blends at 300 K.
So far, we have drawn connections linking the chemical structure of the acene with molecular diffusivity, donor-acceptor interactions, miscibility, and interfacial area in blends with P3HT.
We now inspect the effect of miscibility on the structure of P3HT chains in the blend, namely the gyration radius, R g . Larger values of R g indicate extended chains while lower values indicate folded or coiled chains. Figure 9 shows the average gyration radius as a function of the demixing parameter as determined from 10 ns of CG simulations at 300 K (after being cooled from 550 K).
The green arrow in Figure 9 highlights the positive relationship between the two parameters such that lower miscibility facilitates more extended chains in the blend. Although the range of R g is narrow for our blends owing to the computationally-limited short chains, the trends are apparent and expected to become more pronounced when longer chains and larger system sizes are 26 modeled. Extended chains in the blend morphology can be more favorable in solar-cell operation as they can bridge segregated ordered domains as "tie-chains," and facilitate more efficient pathways for charge carriers to reach electrodes. 57 Figure 9 . Relationship between the gyration radius of P3HT and the demixing parameter in P3HT:acene blends determined from CG simulations at 300 K.
Conclusions.
Molecular simulations of P3HT:acene blends have been performed to determine structuremorphology relationships relevant to organic BHJ solar-cell performance. By focusing on a matrix of nine acenes whose chemical structure is systematically varied in the nature of the alkyl groups and electron-withdrawing groups, connections between the chemical structure of the acene and P3HT and the molecular-scale properties within the blend can be made. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   27 The main results from our work are:
(i) Diffusivity is observed to generally decrease with size of the alkyl group and strength of the electron-withdrawing group on the acene.
(ii) Donor-acceptor interactions are enhanced by the electron-withdrawing group strength, but diminished primarily by steric bulk of the alkyl groups.
(iii) The blend miscibility generally decreases with alkyl group size and increases with electron-withdrawing group strength.
(iv) The trends in interfacial area between P3HT:acene "phases" reflect those in miscibility.
(v) Blends with lower miscibility contain more extended P3HT chains.
Importantly, the simulations employed here help to clarify molecular-scale mechanisms contributing to these materials properties. While our simulations consider only a small class of molecules, the systematic structure-property relationships detailed showcase the ability to systematically tailor organic electronic materials with specific morphological properties, as well as the power of molecular simulations to provide details that can relate to molecular design.
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